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Abstract

Centrifugal pumps constitute one of the most common and essential component in most
industrial procedures and other technical works and applications, while hydraulic turbines operate
in numerous hydroelectric power plants worldwide, producing a substantial percentage of the
consumed electricity. Consequently, the reliable and efficient operation of these machines is
highly required. An important hydraulic excitation mechanisms that may affect the steady and
dynamic operation of a hydraulic turbomachinery is cavitation, which may be created in the low
static pressure zone of the rotor. The re-liquification of the vapour bubbles at downstream
positions is a very violent implosion procedure that generates shock pressure waves of extreme
local intensity, which can cause extended wear of the solid surfaces of the machine. Long-term
operation of a machine under cavitating conditions results in significant material removal,
accompanied by strong vibrations and drop of performance. The present Thesis deals with the
analysis of the flow conditions in centrifugal pumps that suffer from cavitation, and aims at the
development of detection tools capable to identify the presence of vapour formations promplty.

The present work attempts to approach the problem both experimentally and computationally.
Two testing configurations that allow the flow visualisation of the phenomenon are developed:
one at the Engineering Department of Lancaster University (LU) and one at the Laboratory of
Hydraulic Turbomachines of the NTUA. In both test rigs, the regulation of the pump suction
conditions (static pressure) is achieved by throttling the suction valve. The pump installed at the
LU has its volute made from transparent material and uses three semi-open, radial impellers; 1)
one with six backward-curved blades and six splitter blades, ii) one with twelve radial blades, and
iii) one with twelve forward-curved blades. On the other hand, the test configuration of the
NTUA incorporates an industrial centrifugal pump with a closed impeller that has five backward-
curved blades. Significant modifications are made to this pump in order to allow the visualizaton
of the flow in its impeller. More specifically, the impeller is re-manufactured from scratch, with
the shroud made of transparent material, while a transparent window is opened in the front casing
of the pump.

Performance experiments are conducted for all four impellers and they are accompanied by
noise and vibration measurements, as well as flow visualizaition observations. Two
accelerometers and one acoustic emission sensor are used in each test rig, and their time-series
measurements are processed so as to extract cavitation characteristics and develop a detection
tool of general application. The signals obtained are processed in the time and frequency domain,
with the application of statistical, Root Mean Square and Power Spectral Density tools.
Moreover, the Spectral Kurtosis methodology for the demodulation of the signals and the study of
the envelope’s characteristics is implemented and tested in the framework of the Thesis.

In parallel, the fluid flow in two of the impellers is simulated under normal and two-phase
flow conditions with the use of a commercial CFD algorithm. The modelling approach solves the
Reynolds Averaged Navier Stokes Equations (RANS), along with a transport equation that
regulates the mass transfer between the vapour and the liquid phase. The turbulence is modelled



with the k-o SST model, while the equations of the flow that correspond to the computational
domain of the impeller are solved in the rotating reference frame (‘frozen’ rotor approach).

The characteristic operation curves derived for each impeller of the two test configurations,
exhibit the expected trend of low specific speed centrifugal pumps. During cavitating conditions,
the total head value remains unchanged until the point where the vapour cavity starts to block the
flowpath and finally, makes the impeller unable to provide power to the working medium (head
break down). The flow visualisation data in the LU impellers depict the inception of the
cavitation phenomenon and the progressive increase of its extent, as the available suction head
level of the test rig decreases. Moreover, the photos obtained from the impellers’ flow field,
feature the existance of different large-scale cavitating formations, such as travelling bubble,
cloud, tip clearance, and attached cavitation.

The flow visualization data and the laboratory measurements confirm the ability of the
numerical model to reproduce the total head drop curve due to vapour phase development. The
model faces difficulties to identify the vapour travelling bubbles close to their visual onset, due to
their strong dynamic nature. However, its ability to predict the actual size and shape of the
cavities improves significantly when the attached cavitation mechanism becomes stronger, at the
intermediate stages of cavitation development, and well before the total head drop. In the NTUA
pump, the computational results are also used to provide an improved prediction for the visual
inception point of cavitation. Consequently, the proposed modelling approach can be used for
detection of cavitation, provided that both the geometrical and operational data of a pump are
given. Moreover, in case of the unshrouded impeller, the numerical results designate the complex
flow pattern at the blades tip clearance region, which includes secondary flows that recirculate
part of the tip flow, back to the suction side of the blade, forming the backflow phenomenon. The
latter may turn to backflow tip cavitation, when the pump operates under low static pressure
conditions.

The noise and vibration results are obtained using the AE and accelerometer sensors, which
are located on the body of the centrifugal pumps in both configurations. The raw noise and
vibration data measured under severe cavitating conditions include peaks that are related to
bubble implosion and affect their Gaussian distribution. The statistical analysis of the data
associate these differentiations with the fourth statistical moment, the kurtosis parameter, which
value deviates significantly from that of the normal distribution. The examination of the
frequency spectrum of the noise and vibration signals illustrates the excitation of the wide ranges
of the frequency spectrum. The use of RMS and powerband tools is qualified so as to integrate
the power of the excited areas and plot it as function of suction conditions. The results
demonstrate the successful use of these tools for the prompt detection of cavitation in the vast
majority of the examined conditions. However, their difficulty to unmask the phenomenon in low
loading conditions of the closed impeller, along with the risk to detect a different kind of
impulsive fault (like faults related with rolling-element bearings) instead of cavitation, makes
necessary the further analysis of the obtained signals.

For that reason, the Spectral Kurtosis signal processing method is tested to efficiently provide
the band pass filter’s characteristics that aim to unmask cavitation behavour. In addition, the
filtered signals are demodulated with the use of Hilbert Transformation, so as to confirm the
possible periodicity of the characteristics depicted in the filtered signals. The results prove the
successful implementation of this methodology that manages to distinguish the appearance of
impulses in the filtered signals, which are modulated by the blade passing frequency (BPF)
component. The proposed approach specifies the analogy between the impulsive behaviour of the
filtered signal and the shock pressure mechanism, and between the BPF modulation of the
impulses with the shock pressure waves that occur in the rotating impeller. The latter relate the
detection characteristics with the physical mechanism of cavitation wear, and can constitute a
robust and reliable detection tool of general application in hydraulic turbomachinery.



IHepiinyn

Ao TIC MO GUYVA AMAVTIOUEVES UNYOVEG OTIG O1APOPES PLOUNYOVIKES EYKATUCTACES KOt
TEYVIKA £Pya VAL Ol QUYOKEVTPIKEG OVTALEG, EVA Ol VOPOSTPOPIAOL AELTOVPYOVV GE Vol LEYIAO
aplOud VOPONAEKTPIK®Y £pymV, G€ OAO TOV KOGHO, TOPAYOVTOG OMNUOVTIKO WHEPOG TNG
KOTOVOADUEVNG NAEKTPIKNG EVEPYELNG. ZVVETMC, 1) OLOAN KOl OTOTEAEGLOTIKY EMITEAECT] LLOG
TANODPAG TEYVIKOV AELTOVPYIDV, BOUNYOVIKOV SEPYUCLOV KOl TAPUYOYIKOV dPACTNPLOTHTOV
Baciletor oV 0EIOTIOTN KOl ATOTEAEGUOTIKY AEITOVPYIO AVTOV T®V VOPOSVVUUIKDV UNYOVOV.
‘Evag amd Ttovg poikovg UNyOvICHoUG TOL Hmopel vo dotapdéel T Agitovpyio avTtOV TGV
unyavav, givol  orniaioon, dniadn n Tomky eEATUion Tov VYPOL (GLVNB®G vEPOV), M omoia
dnuovpyeital dtav 1 mieon o€ KAmolo onpeio evrog Tov pdtopa PEIwbel og TIUEG KAT® amd TV
mieon atponoinong ot Beprokpacio Asrtovpyioc. H emavuyponoinon tov gucaiidwy atpod o
TePLOYEG OOV 1) OTATIKN THECT| EMOVEPYETAL GE VYNAOTEPEG TYEG, YIVETAL LEGH TNG EVOOPPNENG
TovG, M omdtoun peTtafoAn @Aaong, 1M omoia okoAovdeiton amd TV OVATTLEN TOTIK®V
KPOLGTIKOV KUUATOV TEGNS, TPOKOADVTAG SIAPPWOT TOV GTEPEDY ECMOTEPIKMYV EMPUVELDV TNG
punyoving. Agttovpyio piag vOPodLVALUKNG UNYoviAg VO cuVONKeS GINAAIOONG, OKOUN Kol GE
oUVTOUO OldoTnua, UTOPEl Vo TPOKAAESEL EKTETANEVEG PBOPEC TOV GLuVOdEVOVTAL ATd aVENoN
TOV HNYOVIKOV TOANVIOGE®V KOl TT®don Ttov Pobuov amddoons. H mopovca Awatpipn,
OGYOAEITAL LLE TNV OVAAVOT TOV YOPUKTNPICTIKAOV TNG PONG G PUYOKEVIPIKEG AVTAIEG, OTIG OMOIEG
OVOTTOGGETOL TO PALVOLEVO TNG CTNANIOOTNG, KOl £XEL MG GTOXO TNV avanTLEn £pyOreinY TOL Vo
LUTTOPOVV VO S10yVDVOLV EYKOLPO. TOV GYNMUOATICUO LUGOAMOIWV OTHOD.

To mpdPAnpa mpooeyyiletar OG0 TEPAUATIKA 600 Kol VIOoAOYoTKd. [To cuykekpyéva,
YPNOLOTOLOHVTOL dVO EPYACTNPLOKES SATAEELS, Ol OTOIEG EMTPENMOVY TNV OMTIKY TOPATHPNON|
TOL Qovouévoy evidg tov eEetaldpevav unyovov: pio odtoln eykateotnuévn oto Tunua
Mnyovikov tov [Mavemompiov tov Advkaotep (LU - Hv. Bao.) ko pio oto Epyoactiplo
Yoépoduvapukov Mnyaveov tov EMIL. H avtiio mov Bpioketor eykateotnuévn oto LU éxel to
KEAMDPOG  TNG KOATOOKEVAGUEVO Omd  OlPavEG VAKO, €V OTN  OLYKEKPIUEVN Oldrtaln
YPNOLOTOLOVVTOL TPES TTEPMTEC OKTWVIKNG PONG MNHUL-OVOIKTOV TOTOV (YWPIS oTeE@vT), HE
OoTGOOKAIVY, LE OKTIVIKA Kot e EPUTPOocBokAv) TTepOylo. ATO TNV GAAN, 1) TEWPAPATIKT dtdTaén
tov EMII mepilopfdvel puo tomikn POPNYovVIK QUYOKEVIPIKY avTAio, HE KAEWOTOD TOMOL
TTEPMT, U omoBokAviy Ttrepvylo. Ztnv avtiio tov EMII éywvav onuavtikéc TpOmOmOmGELS,
MOTE VO EMLTPATEL 1) SIEVEPYELX OTTIKAOV TOPATIPNCEDV EVTOG TNG TTEPWOTNG, TOV TEPIAAUPEVOLY
OVOKATOOKELT TNG MTEPOTNG LE OTEQAVY] KATOCKELOCUEVT OO SL0POVEG VAIKO, Kot d1dvoién
dlopavovg Tapabvpov oty unpodcbio TAELPE TOV KEADPOVG.

Ot TEPOUOTIKEG HETPNOELS TEPIAAUPAVOVY TIG YOPOKTNPIOTIKEG KOUTUAEG AEITOVPYIOG TV
TEGOAP®V TIEPOTMOV, Ol OTMOieg oLVOdEVOVIOL Omd pETpnoels BopOPov KOl  UNYOVIK®V
TOAOVTAOCEWDV, KOOMG ETONG KO 0O OTTIKES TOPUTNPNOELS EVIOC TG poNG. e KOs ddtasn,
YPNOLOTOLOVVTOL SVO EMTAYVVOIOUETPO KOl EVOG oucONTNPOS AKOVOTIKOV onudtwv (acoustic
emission), €vd Ol YPOVOGEPEG MOV AdpUPAvOvVTOL ovaADOVTAL KOl HEAETOVTOL HE GTOXO TNV
AVAYVOPLOT] TOV YOPOKTNPIOTIKAV TOL QOLVOLEVOL Kol TNV ovAmTuén evog yevikoh Kpitnpiov
ddyvmong tng onnAainong. [T cvykexpuéva, ta onpata eneéepyalovian oto medio ypovov Kot
GLYVOTNT®V LE XPNOT EPYOLEI®V OTOTIOTIKNG, LEONS TETPAYOVIKNG TIUNG (RMS) Kot poopaTIKnG
mokvotrag oyvog (PSD). EmumAéov, doxpdletor m epoppoyn g pebodsov DoopaTikng
Koptwong (SK) vy v kataokevn (ovomepatodv ¢@iltpov, To omoia. daywmpilovv 1o
YOPOKTNPIOTIKA TNG CTNAAI®ONG 0O TO PLETPOVUEVO GTLLAL.

Mopddinho pe TIG TEWPALOTIKEG HETPNOELS, LOVIEAOTOLEITAL 1| PO EVTOG TNG HUNYXOVNG OF
ouvOnkeg pe Kol Yopic ommAaimon, HE YPNOT EUTOPIKOL AOYIGHUKOD VTOAOYIOTIKNG



pevotodvvapukng. H vmoloyiotikn mpocéyyion meptlopfdvel v emilvon tov eflo®oemv
Reynolds Averaged Navier Stokes Equations (RANS), pali pe o mpocBetn e&icmon
LETAPOPAC, Y10 TOV VITOAOYIGHO TOV puOHoD UeETOPOpds HAloc LETAED TNG VYPNG PACTC KOl TOV
atpov. To povtédo k-o SST emtléyetar yio tnv povtedonoinon g TOpPNG, EVO Yol TIG TEPLOYES
TOL VTOAOYIGTIKOV Y®PIOL TOV OVIKOUV GTNV TTEPIGTPEPOLEVT] TTEPMTH EMAEYETOL 1) EMIAVOT TOV
eE10DOEMY TNG PONG OTO GTPEPOEVO GVOTNLLO AVOPOPELG.

Ol YopaKTNPIoTIKEG KOUTOAEG AetTovpyiog TV avIAOV kotaokevdlovtol Yo OAEg Tig
TTEPMTEG TV OV0 OOTAEEOV KOl 1) CUUTEPLPOPE TOVG TPOEKLYE AMOALTO GUUPBATH HE TN
Oe@PNTIK  PLYOKEVIPIKMOV AVIAIDV TOPOUOIOL E101KOV aptBpod otpoemv. [ T LETPNOELS o
ouvOnkeg onmiaioong, mn pOOISN TG mieong oV 16000 NG OVTAMOG EMTLYXAVETOL HECH
oTpayyoAMoov ¢ Pavog avappoéenons. Kabaoc peidveton n mwicon, apyiler va eéehicoeton o
QOWVOUEVO TNG OMNACIOONG OTNV TWIEPMTH, HE TNV EUPAVION QLCOAId®V OATUOV Kol TNV
TPOOJELTIKN aénom g mePLoyng dpacikng pong. H Ty tov oAkov Hyovg g avtiiog
mopopével otabepn, HEYPL TO onueio OTOL 1 TEPLOYN TOL ATHOV apyilel va KaAVTTEL oYEOOGV OAO
TO €0POC NG PONG HETAED TMV TTEPLYI®V, HEWOVOVTIOG TN duvVATOTNTO TPAGAOOoNG 10YVOS GTO
epyalOpuevo PECO KOl TPOKAAMVTOG GTOTOWUN TTMGT] TOL OAKOV VYOUG. To amoteAéouato Twv
OTTIKMOV TOPATNPNOEMY EVIOG TV TTeEpOT®V Tov LU, ameikovifovv v EUPAVION TOV TPOT®V
PLOOAIO®V ATHOD KOl TN OTASIOKY AVATTLEN TOVG, OGO T EMIMESO OTATIKNG TEONS EVTIOS TNG
duataéng petdvoviatl. EmmAéov, ol omtoypapieg TV OTTIKGOV TAPATPTOEMY, OVASEIKVOOLV TN
oLVOTTOPEN JLPOPOV EWMV CTINANI®ONG EVTOG TNG TTEPMTNG, OTTmg ‘travelling bubble’, ‘cloud’,
‘tip clearance’, kou ‘attached’ onniaimong.

To 0moTEAEGLOTA TOV OTTIKOV TAPOTNPTOEMV KOl 01 TEWPAUATIKES PETPNOELS TIGTOTOLOVV TN
dvvardtnTa Tov aPBUNTIKOD HOVTEAOL VA TPOPAEYEL TNV TTMOGT] TOV OAIKOD VWYOLS TNG ovTALOG.
To povtého SVGKOAEVETAL VO AVAYVOPIGEL TNV EUPAVIOT] TOV TPOTOV PLGOAOWOV ATHOD, KOOMG
ota TP®OTO, OoTAdI avAmTLENG TO Qovouevo Topovoldlel Wdwaitepa aoTadn cvpmTEPLPOPAL.
Qo1000, M KOVOTNTO TOL HOVIEAOL Vo TpoPAéyel T Oéom, v €KTOOM KOl TO GYNUO TNG
OTHOTOMUEVNG TTEPLOYNG PEATIOVETOL 0IGONTA OTA EVOLAUESH GTASIO AVATTLENG TOV PALVOUEVOL
KOl 7PV TNV ATOCN TOL VLOpavAkov Vyove. Emopévmg, m TPoTeEvoOUEVI] VTOAOYICTIKY
pebodoroyio pmopel vo ypnoyomombel yio m S1dyvmon Tov Quvopévov, aAld Tpoimodétel Tnv
aKpifn YvOon OA®V TOV YEOUETPIKMOY YOPOKTNPIOTIKAOV TNG UNYOVAS KOl TNG £YKOTACTAONG,
kaBhc kot to dedopéva Astrtovpyiag g Emmpodcbeta, oty mepintwon Tng mTEPOTNG MUL-
OVOIKTOV TOTOV, TO OPOUNTIKA OTMOTEAEGLOTO QOVEPDOVOLV TO TEPIMTAOKA YOPUKINPIOTIKA TNG
PONG 6TO SLAKEVO UETOED TOV TTEPLYIOV KOl TOL KEADQOVG, ametkovilovtag pia KukAogopia TG
PONG UECH TOL SKEVOL TPOG TNV TMAELPA vromieong Tov mrepvyiov (‘backflow’). Otav n
punyovn Aeltovpyel o€ ovvOnKeg TPOKANGONG OTNAAI®ONG, 1 KLKAOQOPID 0T LETAPEPEL Kot
PLGOAMOES aTOD TTOL OMoVPYoHVTAL 6TO 6TEVO dtdkevo (‘backflow tip cavitation’).

Ot petprioelg Bopvfov kol kpodacu®dv AapPdvovior amd To EMTAYLVOIOUETPO KOL TOV
AKOVOTIKO Aot TAPa, OPYAVO TOL TOTOBETOVVTOL GTO GO (KEAVPOG) TV dVO PLYOKEVIPIKMOV
avtimv. Ot TpmToYEVElG HETPNOELG GE CLUVONKES TTMOGNG TOV OALKOD VYOLG AOY® CTNAQI®MONG
avVaOEIKVOOVY TNV Vmapén KPouoTIK®V onpdtov, mov oyetilovtor pe v evooppnén tov
QLoOAId®YV oTpod. H oToTioTiK) avAALoT TV Oed0UEVOV EMTUYYOVEL VO GUCYETICEL TIC
mpoavapepeioeg dapopomotoelg e to pEyeog Tng KVPTOONS TOV GNHOTOG (TETAPTN POTN), M
T g omoiog amokAivel onuovtikd omd v kovovikny katovour. H peiétn tov mediov
CLYVOTNTOV TOV SUVOUIK®OV UETPNOEMV OTEIKOVILEL T O1EyEPON LEYAAOV €E0POVE GLYVOTNTMV.
Emopévmg, mpoxpivetar m ypnon ‘RMS’ «or ‘powerband’ epyoAeimv, pe otoyo v
TOCOTIKOTOINGT TNG EVTOOTG TV OlEYEPGEMV KO TV GOTVTMOY] TOVG O GYEON LE TIG CUVONKEG
avappoenons. Tao amoTeAECHATO KOTUOEIKVOOLY TNV EMLTUYN YPNON TOV TAPUTAV® EPYOAEI®V
Yoo TV €yKoupr Sudyveorn NG OTNACimons, oIV MAEOVOTNTO TV VIO €£ETAOT GLVONK®OV
Aertovpyiag. Qot000, 11 SLGKOALN TOVG VO, AVAYVOPIGOLV TO PAIVOLEVO GE UEPIKEG TTOPOYES TNG
KAEGTOL TOMOV TIEPWTNG, GE CLVOLACUO HE TOV KivOuvo va eKANQOel évag GAAOG TUTOG



OQOALOTOG (Y. O £0pOva KOAIONG, TOL TPOKOAEL EMIONG KPOVGTIKG CNUATA) O GINAGio,
KOB1GTOOV avoyKoio TV TEPOLTEP® AVAAVOT| TOV CNUATOV.

I'v avtdv tov Adyo, epappootnke N pEBodog Dacpotikng Koptwong pe 6toéxo TV KoTooKeLn
C{ovomepatdv @idtpov (bandpass filters), Ta omoio SVVAVTAL VO OTOLOVAOGOLY TO YAPUKTIPIOTIKA
TOL PAIVOUEVOD OO TO GUVOMKO UETpoVUEVO ofjua. EmimAéov, o1 QIATpapIGUEVEG XPOVOGELPEC
OTOSOUOPPAOVOVTOL e Y¥pNoT Tov petacynpatiopod Hilbert, pe otdéyo v emPefoaionon g
Omapéne mbovig TEPLOOIKOTNTOG OTO YOPOKTNPIOTIKA TOV QIATpOpPIoUévVOY onpdtov. Ta
OTOTEAEGLLOTOL OTTOOELKVOOVY TV AOTEAEGHOTIKOTNTA TNG HeBodoroyiag, 1 omoia emiTuyydvel va
OTOUOVACEL TOVG KPOVOTIKOVG TOAUODS OTIC PIATPOPICUEVEC YPOVOOCEIPES, KOl Ol Omoiol
SLOLOPOOVOVTAL OO TNV GAANAETIOPACT] TG OTPEPOUEVNC TTEPMOTNG HE TO GTUOEPO KEAVPOG TNG
avthMoc. H mpotewvduevn mpocéyyion ovadelkviel  T1 ovoyETion HETOED NG KPOLGTIKNG
CLUTEPIPOPAG TOV €MEEEPYAGIEVOD GNUATOG KOL TOV HUNYOVIGHOD evOOppnéNe TV QLOAAId®V
aTRoV, KaBdg Ko peta&h TG SIUOPP®ONG Ao T1 CLYVOTNTA TEPAGLOTOC TOV TTEPVYINV, KOOMDG
T0 QOWOpEVO AouPdvel yodpo evtOg NG OTPEPOUEVNG TTEPMOTNAS. To TEAELTOIO GLUTEPACLO
GUVOEEL TOL YAPOKTNPLOTIKE TOV YPTCLLOTOIOVVTOL Y1d T SLAYVMGN TOV QUIVOUEVOL LE TO PLGIKO
pnyovicpd g PAEPNG kol Stopopemvel €vo Yevikd kol aSOmoTo epYOAEio ddyvwoong g
avanTLENG OTNACIMONG EVTOG TV VIPOSVVOLUKDV UNYAVAV.



